Purpose The aim of this study was to analyse the management of displaced paediatric supracondylar humerus fractures at our Level I Trauma Centre and to determine clinical and radiographic long-term results following operative treatment. Methods Clinical and radiological results of 78 paediatric patients (29 female, 49 male; mean age 5.1 years) with supracondylar humerus fractures, treated from 1992 to 2004, were evaluated. Gartland's classification yielded 32 type II, 44 type III and further two flexion injuries. In all patients the follow-up period exceeded 12 months. Assessment after an average of 8.1 years (1.1-19.5) included neurovascular examination, Flynn's criteria (elbow function and carrying angle), pain, complications (infections, growth disturbances or iatrogenic nerve injuries) and measurement of the humeroulnar angle. Results According to Flynn's criteria 73 patients (93.5 %) had a satisfactory outcome, while five (6.4 %) were graded as unsatisfactory (two due to cubitus varus and three because of limited elbow motion). The visual analogue scale (VAS) score averaged 0 (range 0-1) and the mean carrying angle measured 8.4°(−8 to 20°), compared to 10.8°on the contralateral side (2-20°). Injury-related complications yielded absent pulses in four (5.1 %), five (6.4 %) primary median, two (2.6 %) primary radial and one (1.3 %) primary ulnar nerve injury. Treatment-related complications included a secondary displacement and one iatrogenic radial nerve palsy. Based on primary nerve lesion as a dependent variable, statistical analysis showed that age had a significant influence revealing that older paediatric patients had a significantly higher risk (p0 0.02). Functional outcome as a dependent variable revealed an indirect proportion to the clinical carrying angle, achieving statistical significance (p<0.01). Conclusions Crossed pinning in paediatric supracondylar humerus fractures is an effective method. Evaluation of the outcome in our study group demonstrated good results with the treatment approach described.
Introduction
Supracondylar humerus fracture is one of the most common injuries in children accounting for seven to nine percent of all childhood fractures [1] . At the same time it is a troublesome injury with complications including neurovascular damage, compartment syndrome, Volkmann's ischaemic contracture and malunion, especially cubitus varus [2] [3] [4] . Extensiontype injuries are classified according to Gartland's criteria as non-displaced fractures (type I), hinged fractures with the posterior cortex intact (type II) and completely displaced fractures (type III) [5] . In displaced fractures the treatment of choice is closed reduction and percutaneous pinning [2, 4, [6] [7] [8] . The biomechanical superiority of crossed K-wires was described by several authors [2, 4, 9] . Due to the risk of iatrogenic ulnar nerve lesions some authors prefer lateral pin placement [2, 8] . Others use a medial mini-open approach to visualise the ulnar nerve [6] .
Thus, the aim of this study was to evaluate the management of displaced paediatric supracondylar humerus fractures with closed reduction followed by percutaneous crossed K-wire placement and open access in selected cases only (where closed reduction failed or due to neurovascular damage) and to determine the clinical and radiographic long-term results following operative treatment.
Methods
After approval of the Institutional Review Board for the recruitment of patients, we reviewed patient records at our Level I Trauma Centre from September 1992 to June 2004, matched for the following inclusion criteria: displaced supracondylar humerus fractures (Gartland type II and III injuries), with open epiphyseal plates of the distal humerus, with a minimum follow-up of one year. Skeletally mature adults and patients with previous or concomitant ipsilateral elbow fractures were excluded. This initial search yielded a total of 117 consecutive paediatric patients with displaced supracondylar humerus fractures. During the recruitment process for this study, it was found that ten patients had no contact details at all, nine patients had wrong contact details and 20 patients did not reply.
Finally, there were 78 patients (66.7 %) available for follow-up. In all patients the follow-up period exceeded 12 months, with an average of 8.1 years (range 1.1-19.5 years) after the injury. The mean age of the 78 patients (29 female, 49 male) was 5.1 years (range 1.6-10.7, deviation 2.3), the right elbow was injured in 30 and the left in 48 patients. Concomitant injuries included one ipsilateral distal radius fracture, two ipsilateral and one contralateral forearm fracture, one ipsilateral humerus fracture, three ipsilateral bicondylar humerus fractures and one patient suffered multiple injuries (including an intracerebral haematoma, a skull base fracture, an ipsilateral pneumothorax and humerus fracture and a contralateral clavicle fracture).
Fracture classification
According to the classification system of Gartland, we had 32 patients with a type II injury and 44 patients with a type III injury (Figs. 1, 2, and 3 ). There were two flexion-type injuries in our series.
Surgical technique
Under general or regional anaesthesia in a supine position on the operating table, closed reduction was performed under fluoroscopic guidance. With the elbow in hyperflexion one pin was inserted from the lateral side of the elbow across the lateral cortex engaging the medial cortex. Then the elbow was extended to less than a 90°position and the ulnar nerve was palpated. The medial pin was then placed beginning at the medial epicondyle to engage the lateral cortex in again a hyperflexed elbow position. If closed reduction failed or in cases of neurovascular damage (mini)-open reduction was performed and the described fixation technique was used subsequently.
Clinical and radiographic examination
Follow-up monitoring included regular clinical and radiographic examination of the patients at one, four, six and 12 weeks and 12 months after injury. The cast was removed at the four week follow-up appointment, while pin removal took place at the six week visit. All patients were followed up for at least one year after the initial treatment.
Clinical evaluation included neurovascular examination, measurement of the range of motion (ROM) of the injured elbow, assessment of the carrying angle [1] , pain and determination of any complications such as infections, growth disturbances or iatrogenic nerve injuries. The ROM of the injured elbow was measured by a manual full-circle goniometer. The clinical results were graded according to Flynn's criteria, which are based on the carrying angle and the elbow motion [10] . The carrying angle was measured by a full-circle goniometer and compared with that of the contralateral arm. Pain was assessed according to the visual analogue scale (VAS) that allowed for numeric responses on a scale from 0 (no pain) to 10 (worst pain) [11] . Radiographic evaluation included anteroposterior and lateral radiographs of the injured elbow, which were made intraoperatively and at each follow- up examination. The humeroulnar angle was calculated on the anteroposterior radiograph with the method of Webb and Sherman at the final follow-up examination [12] .
The humeroulnar angle was defined by the intersection of the midhumeral line with the line drawn from the proximal midpoint of the ulna to the distal midpoint of the ulna in the anteroposterior view on a radiograph with the elbow extended to 0°and the forearm supinated [12] .
Statistical analysis
For statistical analysis we performed a multiple regression analysis with a 95 % confidence interval. To determine statistical significance of corresponding variables (age, sex, open or closed reduction, Gartland type, clinical carrying angle, functional outcome and nerve injury) we used a p value <0.05. Functional outcome and incidence of a nerve lesion represented the dependent variables.
Results
During the study period 78 surgically treated paediatric patients with supracondylar humerus fractures met the criteria for inclusion and were finally enrolled in this series. Of these patients, 41 were treated by closed reduction and percutaneous crossed K-wire fixation, whereas 36 underwent open reduction due to soft tissue interposition or comminution. In one case open access was used due to suspected primary vascular damage.
After the surgical procedure, an anteriorly split long arm cast was applied with approximately 90°of elbow flexion and neutral forearm rotation.
Clinical outcome
According to Flynn's criteria 73 patients (93.5 %) had a satisfactory outcome, while five (6.4 %) were graded as unsatisfactory. Two patients were graded as unsatisfactory due to cosmetic factors. One of these had a cubitus varus of −8°resulting in a difference of 18°in comparison to the uninjured side. In the other patient the clinical carrying angle was 0°and differed by 14°in comparison to the uninjured elbow. Both patients had regained unlimited elbow function at follow-up. In the remaining three patients classified as unsatisfactory, two had an extension deficit and one a flexion deficit of 20°. At the one year follow-up examination, none of the patients complained about any relevant pain symptoms. At this time the average VAS score was 0 (range 0-1). The mean carrying angle measured 8.4°( range −8 to 20°), compared to 10.8°on the contralateral uninjured side(range 2-20°).
Radiographic outcome
Successful fracture healing was achieved in all of our patients (100 %). One patient had signs of a delayed union, but at the six month follow-up examination, X-rays showed a stable osseous union. Incomplete primary reduction was not seen in any of our patients. Secondary displacement was noted in one patient following closed reduction and percutaneous pinning at the one week follow-up examination. This patient was reoperated and the fixation was performed with two lateral and one medial K-wire. Finally, two malunions were found in our series (cubitus varus). The humeroulnar angle averaged 10.1°(range −8 to 22°).
Complications
Injury-related complications were seen in 12 patients (15.4 %), including absent pulses in four patients (5.1 %), five (6.4 %) primary median nerve injuries, two (2.6 %) primary radial and one (1.3 %) primary ulnar nerve injury. The pulses were restored after closed reduction in all but one patient, where exploration of the brachial artery revealed kinking due to the proximal fracture fragment, but no laceration. Postoperative sonographic and clinical examination revealed normal pulses and a well-perfused hand. All but one median, radial and ulnar nerve palsies, which were present pre-operatively, were associated with the fracture and resolved spontaneously after an average of 5.5 months (range 0-104 weeks) ( Table 1 ). In the remaining patient with radial nerve palsy revision surgery revealed compressive scar formation in the nerve surrounding soft tissue next to the fracture and decompression was performed. This patient recovered completely four weeks later (12 weeks after the initial trauma).
Treatment-related complications were seen in two patients, as we noted a secondary displacement due to instability and one iatrogenic radial nerve palsy. During placement of the medial K-wire the wrist was noticed to jerk in dorsiflexion as the lateral humeral cortex was penetrated. The K-wire was drawn back to the lateral cortex of the humerus. Postoperatively, the power of wrist extension was significantly reduced in comparison to the contralateral side, but recovered completely without further intervention within 13 weeks. We did not see any deep infections after surgical treatment. Early pin removal due to migration or superficial infection was performed in five cases (6.4 %). There was no case of iatrogenic ulnar nerve injury
Statistical results
Based on primary nerve lesion as a dependent variable, statistical analysis showed that age had a significant influence on this variable revealing that older paediatric patients had a significantly higher risk (p00.02). With each increasing year of life there is a 3.5 % higher probability of sustaining a primary nerve injury. None of the other variables showed any significant influence.
With the functional outcome as a dependent variable, statistical results revealed an indirect proportion between the dependent variable and the clinical carrying angle, achieving statistical significance (p<0.01). All of the other variables failed to reach statistical significance.
Discussion
The main goal in paediatric supracondylar fracture treatment is to safely achieve a stable reduction to prevent displacement of the distal fragment and postoperative deformity [1, 6, 13] , which historically has been reported to be as high as 17 % [6] . Internal rotation of the distal fragment is the major predisposing factor to varus deformity and is necessary for coronal varus tilt to occur [1, 6, 14] . Cubitus varus is the most frequently reported complication throughout the literature [10, 12] . In contrast, Green et al. described no cases of malunion in their series of 65 patients treated by crossed pin placement [6] . Shim and Lee reported one patient with a cubitus varus deformity in their series of 63 patients (1.6 %) treated by cross-fixation with three K-wires. Flynn et al. described three of 72 patients (4.2 %) with a cosmetically unsatisfactory result due to loss in carrying angle; none of these patients had a significant loss of elbow function (one normal ROM and two lacked only 5°of normal ROM) [10] .
In our series two of 78 patients (2.6 %) had a comparable varus deformity at final follow-up. Multiple regression analysis of our data confirmed the results described in the literature [10, 12] that the carrying angle has no influence on the functional outcome, indicating that patients with a cubitus varus had a good elbow function. Our statistical analysis even revealed an indirect correlation between the carrying angle and the elbow function.
Associated vascular complications are common with supracondylar fractures because of the vulnerable position of the neurovascular structures in relation to the fracture fragments and haemorrhage [10] . Flynn et al. described an incidence of 18 % of vascular complications in their series of 52 patients and stated that their hospital served as a referral centre for complicated fractures from rural areas and thus some patients had repeated manipulation or presented two days after injury, thus incurring a higher complication rate [10] . Concerning vascular complications in our series, all of our patients were handled as emergencies, as stated above, and perhaps because of the prompt treatment, long-term vascular complications were avoided. This finding accords with D'Ambrosia who compared six treatment methods in 74 patients [13] .
With regards to our method of treatment, percutaneous crossed K-wires achieved a successful outcome with a low incidence of major complications. In the current literature, Shim and Lee reported 63 consecutive paediatric cases treated by closed reduction and percutaneous cross-fixation with three K-wires (two parallel inserted from the lateral side, followed by one from the medial side). There was no iatrogenic ulnar nerve palsy in their collective [15] . This finding was in good agreement with our study, as we did not have any iatrogenic ulnar nerve palsy either. A medial skin incision for ulnar nerve exploration was recommended by several authors [6, [15] [16] [17] [18] [19] . On the one hand Shim and Lee stated that this would prolong the operation and increase the risk of infection. On the other hand most cases of postoperative ulnar neuropraxia that have been explored have revealed direct iatrogenic injury from the medial pin, including direct penetration or laceration of the nerve or tacking down the nerve sheet in a non-anatomical position [6] . For instance, Green et al. used this technique and found one patient (1.5 %) with a postoperative ulnar nerve injury [6] . Kocher et al. compared percutaneous crossed versus lateral pin placement in 52 patients and found no iatrogenic nerve injury in either group [2] . Royce at al. treated 143 children with percutaneous crossed K-wires and described one radial (0.7 %) and three ulnar secondary (2.1 %) nerve palsies [18] . The radial nerve palsy resulted from the medially inserted pin after penetration of the lateral cortex [18] . In our study group we had one iatrogenic radial nerve injury that recovered within 13 weeks without further surgical intervention. Subluxation of the ulnar nerve still remains a problem. In our series all patients were operated within six hours of injury; thus, the swelling was maybe not that prominent and the ulnar nerve palpable in the ulnar groove. Myositis ossificans is a rarely described complication [13, 20] , mainly after open reduction, and did not occur in our group.
In summary, crossed pinning in paediatric supracondylar humerus fractures is a safe and effective method with a low incidence of complications. It is crucial to achieve adequate reduction and K-wire stabilisation, especially to avoid malrotation and tilting of the distal fragment in the coronal plane to obtain correct alignment.
In cases were the ulnar nerve is palpable in the ulnar groove, blind percutaneous crossed pin placement is safe in our opinion. If closed reduction fails or ulnar nerve subluxation cannot be excluded, a medial mini-open approach to visualise the nerve is certainly safer and should be preferred.
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